OBjEcTIVE: To compare the effects of various anaesthetics on stress response in the presence and absence of surgical stimulation. DESIGN: Twenty-nine pigs scheduled to undergo surgical central vein catheter placement were randomly allocated to receive only sedation with ketamine-midazolam (group SHAM, n=5) or general anaesthesia with either propofol 8 mg/kg/h (group PROP, n=8), sevoflurane 1.0 MAc (group SEVO, n=8) or desflurane 1.0 MAc (group DESF, n=8). Following surgery, anaesthesia was maintained for a total period of 4 hours. Thyroid hormones, noradrenaline, cortisol, corticotrophin (AcTH), β-endorphin, interleukin-1β and -6 and tumor necrosis factor-α were determined by appropriate methodology after premedication (t0), after surgical procedure (t1) and at the end of 4h (t2). RESULTS: At t1 AcTH and β-endorphin increased in all groups, thyroxin in groups SEVO, DESF and PROP, noradrenaline in group SEVO and cortisol in the SHAM and PROP groups. At t2 cortisol and AcTH levels were lower in the PROP compared to SEVO group. Serum cytokines were not significantly altered in either group. cONcLUSIONS: The choice of the general anaesthetic did not affect thyroid hormones levels in either the presence or absence of surgical stimulus. In the presence of surgical stimulation, sevoflurane resulted in higher noradrenaline levels and in higher activity of the AcTH-cortisol axis compared to propofol.
tuitary, thyroid and adrenal hormones. Since stress response during surgical procedures is likely to affect the postoperative clinical outcome, its management may become crucial. 1, 2 Among the factors influencing the intraoperative stress response are the anaesthetic drugs 3, 4 hence, knowledge of their effect on the stress response is very important.
One problem in this regard is that the effects of the anaesthetics per se on the hormonal response are not well known and a clear picture cannot always be obtained. For instance, propofol is known to inhibit sympathetic activation following surgical stimuli, whereas different responses of catecholamines to inhalational agents have been observed. [4] [5] [6] Moreover, the in vitro suppression of adrenal steroidogenesis by propofol has not been confirmed in vivo. [7] [8] [9] Even less clear is the impact of anaesthetic agents on betaendorphin. [8] [9] [10] [11] To further complicate the issue, upon exposure to anaesthetics both increases and decreases of thyroid hormones have been found. 3, [12] [13] [14] [15] [16] These diverse results may be due to differences in the study set-up and/or in the study populations, the presence of surgical stress and the varying degrees of surgical stimulation.
The hypothesis behind our study is that general anaesthetics exert a variable effect on the hormonal stress response, depending on whether surgical stimuli are present or not. We therefore aimed to examine whether the type of the anaesthetic used modifies the hormonal responses only during surgical procedure or also during general anaesthesia without surgical manipulations. Ultimately, this could help to clarify which anaesthetic could be chosen in order to obtain a preferred hormonal response in the operating room or in the intensive care unit. In order to highlight possible underlying mechanisms of a diverse effect, we also measured levels of endogenous opioids, interleukins 1β and 6 and tumor necrosis factor-α (TNF-α).
expeRimental animals & methodoloGy

Anaesthesia, Surgery and Monitoring
The protocol was approved by the Veterinary Directory of the Prefecture of Athens. Care and handling of the animals were in accordance with European guidelines for ethical animal research. Twenty-nine female domestic pigs, weighing 20-24 kg, were used.
After 12h deprivation of food and unrestricted access to water, 12 mg midazolam, 50 mg ketamine and 0.5 mg atropine were administered intramuscularly. Ιntravenous access was established via an auricular vein and general anaesthesia was induced in all animals, except the SHAM animals, with intravenous administration of thiopental sodium 5 mg/kg and ketamine 2 mg/kg. The trachea was intubated with a cuffed tube of internal diameter 6.0 mm and mechanical ventilation was started using a volume ventilator (Sulla 808 V, Dräger, Lübeck, Germany) with inspired gases mixture of oxygen and medical air, resulting in inspired concentrations 0.40 for oxygen and 0.60 for nitrogen, tidal volume=8 ml/kg, and respiratory rate=10-15 breaths/min, adjusted to maintain normocapnia. A capnograph (Capnomac Ultima, DatexOhmeda, Helsinki, Finland) for exact measurement of expired concentration of volatile anaesthetics was used. Following iv administration of fentanyl 15 µg/kg and vecuronium bromide 1.5 mg/kg, an 8 cm incision 2 cm rightward of the midline, extending from the angle of the mandible to the inner one third of the clavicle, was made. Then, the right external jugular vein was prepared and a central vein catheter 6.5 Fr (Arrow International, Bernville Rd Reading, PA, USA) was inserted, while the right carotid artery was cannulated with a 20 G catheter. The procedure was carried out in all groups; it began immediately after administration of the study anaesthetic and lasted 20 min. A Foley catheter was inserted into the urinary bladder through a small incision of the urinary bladder.
Grouping of animals
Animals were randomized into four groups by the closed envelope method. Animals in the SHAM group (n=5), after being administered the above premedication, received 1.5 mg/kg/h ketamine and 0.25 mg/kg/h midazolam by continuous intravenous infusion for four hours in order to achieve sleep and absence of movement together with maintenance of spontaneous breathing without use of a ventilator. During central intravascular catheters and urinary bladder incision for catheter placement, analgesia was achieved via stepwise administration of 0.40 mg fentanyl IV. No other interventions were made in the SHAM animals. Beginning from endotracheal intubation, anaesthesia was maintained for four hours in group PROP (n = 8) with continuous intravenous infusion of 8 mg/kg/h propofol (Diprivan ® , AstraZeneca), in the SEVO group (n= 8) with 1.0 minimum alveolar concentration (MAC), which is defined as the vapour concentration needed to prevent movement in 50% of subjects in response to surgical stimulus, this being used as an index of anaesthetic potency to compare anaesthetics of sevoflurane (2.5% endexpiratory concentration) and in group DESF (n=8) with 1.0 MAC of desflurane (10% end-expiratory concentration). 17 All animals except for the SHAM group received vecuronium bromide 0.6 mg/kg/h IV for neuromuscular blockade and additional boluses 10 mg IV were given when spontaneous movements were observed. Analgesia was provided with intravenous infusion of 0.25 µg/kg/h fentanyl. Dextrose 5% 4 ml/kg/h and Ringer's lactated 4 ml/kg/h were given in order to maintain normoglycemia, normal electrolytic values and central venous pressure between 4 and 7 mmHg.
Blood samples were collected in all groups from an auricular vein after premedication (t0), immediately after completion of surgical procedure (t1) and four hours after beginning of administration of the anaesthetic agent (t2). Arterial pressure and heart rate were recorded at the same time-points. Baseline arterial pressure was measured by a sphygmomanometer around the left leg. All animals received euthanasia at the end of the experiment with 3 gr potassium chloride, 100 mg thiopental sodium and 20 mg vecuronium bromide IV.
Hormones & Cytokines Assays
Levels of total T3 and T4 in serum were determined by the ACTIVE  Total T3 (DSL-10-3100S) and the ACTIVE  T4 (DSL-10-3200) Enzyme Immunoassay (EIA) kits, respectively, by Diagnostic Systems Laboratories Inc (Webster, Texas, USA). Levels of TSH in serum were determined by the ACTIVE  TSH (DSL-10-5300) Enzyme-Linked Immunosorbent Assay (ELISA) kit by Diagnostic Systems Laboratories Inc. The ELISA scanner for the above measurements was Model A3 by Das (Rome, Italy) and the software used was ACTION 1.8.
Serum noradrenaline was measured using the Noradrenaline EIA kit (BA 10-0200) by Labor Diagnostika Nord GmbH & Co (Nordhorn, Germany). Serum levels of ACTH and β-endorphin were determined by the ACTH (EK-001-01) and β-endorphin (EK-022-32) EIA porcine kits by Phoenix Europe GmbH (Karlsruhe, Germany). Levels of IL-1β and IL-6 in serum were determined by the IL-1β (IL01b01) and IL-6 (IL06001) ELISA kits by Orgenium Laboratories (Helsinki, Finland) (typical sensitivity according to manufacturer was <3 pg/ml for IL-1β and <2 pg/ml for IL-6). Serum TNFa was measured using the TNFa TiterZyme ® (900-099) EIA kit by Assay Designs (typical sensitivity was 8.43 pg/ml). The microtiter plate reader used for the above assays was Model A3 by Das (Rome, Italy) and the software used was ACTION 1.8. Serum cortisol was measured by the ST AIA-PACK CORT EIA kit by Tosoh Biosciences (Tokyo, Japan), using the IA Tosoh analyzer.
Statistical analysis
Data are expressed as mean±standard deviation. Normal distribution of values was tested with the Kolmogorov-Smirnov test. Mean arterial pressure (p=0.59), heart rate (p=0.88), PF ratio (p=0.40) and arterial carbon dioxide (p= 0.06) values were normally distributed. Regarding hormones, T3 (p=0.85), T4 (p=0.74), noradrenaline (p=0.05), ACTH (p=0.11) and β-endorphin (p=0.31) were normally distributed. Exceptions were TSH (p<0.01) and cortisol (p=0.02), which were not normally distributed. Differences within each group for each normally distributed parameter between time-points were analyzed by repeated measures ANOVA and Bonferroni correction was applied for multiple comparisons, except for respiratory parameters which were analyzed by the paired samples t-test (α value corrected according to Bonferroni at .0063). For the non-normally distributed parameters (TSH and cortisol), the differences inside each group for different time-points were tested with Friedman's two-way analysis of variance. Differences between groups for every normally distributed parameter were analyzed by ANCOVA using baseline values as covariate, with the exception of respiratory parameters, which were analyzed with simple ANOVA at both time-points. For the non-normally distributed parameters, the differences between groups were tested with the Kruskal-Wallis test and individual differences were specified with the Mann-Whitney U test. Spearman's coefficient was calculated for the examined correlations. Ob-Nor-adrenaline, cortisol, ACTH, β-endorphin (Table 3 , Figure 1) The levels of serum noradrenaline increased at t1 only in group SEVO and were significantly higher compared to group PROP. Noradrenaline levels did not significantly change in the other groups.
Cortisol levels increased at t1 in the SHAM and PROP groups and returned to baseline values at t2. Cortisol concentrations at t2 in group PROP did not differ from baseline levels and were significantly lower compared to group SEVO.
ACTH levels at t1 were higher from baseline values in all groups. However, ACTH levels remained elevated at t2 only in group SEVO, being significantly higher compared to group PROP.
Beta-endorphin levels increased significantly in all groups at both t1 and t2 and were positively correlated with ACTH levels (r= +0.563, p<0.001), with no difference between groups.
Cytokines
No significant alterations in the serum IL-1β, IL-6 and TNF-α were detected in our animals throughout the study period.
discussion
Our results indicate that thyroid hormones levels served power of the study was 0.90 (α=0.05, primary outcome=noradrenaline).
Results
Haemodynamic and respiratory measurements
Mean arterial pressure and heart rate were constant in all groups, without significant differences among anaesthesia groups. The ratio of arterial partial pressure of oxygen to the inspired fraction of oxygen (0.40 in mechanically ventilated and 0.21 in spontaneously breathing animals) also did not differ within or between different anaesthetics groups. Arterial partial pressure of CO2 did not differ among groups; however, mild, but non-significant, hypercapnia was observed at t2 in the SHAM animals ( Table 1) .
Thyroid hormones
Levels of T3, T4 or TSH did not differ between groups at any time-point. The levels of T3 decreased significantly only from t1 to t2 in the propofol group. Levels of T4 increased at t1 in the SEVO, DESF and PROP groups and returned to baseline levels at the end of anaesthesia. T4 levels did not change in the SHAM group. TSH levels as well as the T3/T4 ratio did not change with any anaesthetic used (Table 2, Figure 1 ). Furthermore, none of the thyroid hormones correlated to ACTH, cortisol, noradrenaline or betaendorphin levels. 5.5±0.7 HR, heart rate; MAP, mean arterial pressure; PaCO2, arterial partial pressure of carbon dioxide; P/F ratio, ratio of arterial partial pressure of oxygen to inspired fraction of oxygen; t0, immediately after premedication; t1, 20 min after beginning of administration of the anaesthetic agent; t2, 4 hours after beginning of administration of the anaesthetic agent. Values represent mean±SD. SEVO: sevoflurane; DESF: desflurane; PROP: propofol. are not related to the type of anaesthetic in both the presence and absence of surgical stimulation. Sevoflurane caused a greater intraoperative increase in noradrenaline compared to propofol, with no differences compared to desflurane. Interestingly, the different response of noradrenaline to sevoflurane vanished in the absence of surgical stimulus. In contrast, no difference was observed in the intraoperative cortisol and ACTH responses between anaesthetics. Nevertheless, significantly higher values of ACTH and cortisol were seen in the SEVO group compared to the PROP group at 240 min of general anaesthesia. The Beta-endorphin increase was sustained in all groups and was not differentially affected by the various anaesthetics.
The increase of thyroxin following surgical stimulus was transient and further exposure to general anaesthesia without surgical stimulation restored thyroxin to baseline levels. Some reports refer to either halothane or enflurane as anaesthetic agents that increase T4 levels intraoperatively. 3, 13, 14 The mechanism involved is not apparent. In our study, T4 levels in the SHAM group did not significantly increase after the surgical stimulus. Since endotracheal intubation is a well known potent stimulus, endotracheal intubation may have played an important role in the transient T4 increase. 18 The restoration of T4 to baseline values after 4h of general anaesthesia possibly excludes a clinically significant role of mechanical ventilation and general anaesthetics in thyroid hormones changes.
TSH does not seem to have driven the T4 changes since its levels remained constant. The insignificant alterations of cytokines (interleukins 1β and 6 and TNF-α) probably excludes a systemic effect of the transient thyroid hormones changes, as has been suggested. 12 We did not find any correlation of the thyroid hormones with noradrenaline, cortisol or ACTH, in accordance with previous studies 3 . A possible role of beta-endorphin in regulating thyroid status at the hypothalamic level has also been suggested, though recent research has questioned such a role. 19, 20 Serum beta-endorphin did not correlate with thyroid hormones in our study, remaining both at t1 and t2 timepoints higher than baseline values, even when T4 levels had returned to pre-anaesthesia levels. Gerard et al. have also reported no effect of different anaesthetics on beta-endorphin concentrations. 21 The peripheral conversion of T4 to T3 was not affected, since the T3/T4 ratio did not change during anaesthesia in all groups. These results suggest that the rise of T4 in response to endotracheal intubation and surgery may not be due to hypothalamic or pituitary but rather to peripheral mechanisms, which, however, were not significantly modified by the anaesthetics used. Such mechanisms could be inter-compartmental shift or binding proteins alterations, as has been suggested. 3 Noradrenaline was released in response to the surgical stimulus only in group SEVO, whereas propofol and desflurane did not show such an effect. In agreement with our results, propofol has been shown to inhibit the sympathoadrenal system responses compared both to inhalational and intravenous anaesthetics. 4, 5, 18 The attenuation of sympathetic reaction to stimuli by propofol, in conjunction with the lack of effect on basal catecholamine levels, could be of specific benefit not only to surgical patients in whom sympathoadrenal activation would be detrimental but also to patients requiring intensive care and/or sedation postoperatively. Inversely, inhalational anaesthetics could benefit patients who compensate for cardiovascular instability with enhanced sympathetic activity.
Cortisol and ACTH levels differed between anaesthesia groups only when the surgical stimulus was removed. Although after a period without surgical stimuli cortisol concentrations in group PROP were lower compared to group SEVO, they did not differ from baseline values. Reduction in cortisol levels has been documented both in anaesthetized and intensive care patients receiving propofol and in vitro findings suggest a direct inhibitory action of propofol on adrenal steroidogenesis. 7, 22, 23 However, more recent studies argue that propofol inhibits cortisol release to stimulatory insults. 8, 9, 24 In agreement with the latter studies, cortisol values in the propofol group increased at the end of surgery and returned to baseline values at 4 hrs, being at that time lower than in the SEVO and DESF groups. This finding shows that after an initial stimulus, propofol restores cortisol and ACTH levels, at least more rapidly than sevoflurane. Nonetheless, it is possible that these changes depend on both duration of exposure and total dosing of the anaesthetics. This issue could be further addressed by appropriate dose-response experiments.
The changes in noradrenaline and cortisol concentrations were accompanied by increases in ACTH and beta-endorphin levels, which ran in parallel, showing a significant correlation to each other. This could be attributed to a stimulation of pro-opiomelanocortin, which gives rise to both hormones. However, the secretion of the derivative peptides of pro-opiomelanocortin is differentially regulated. 25 In our study there is the possibility that ketamine used for premedication induced the sustained increase of beta-endorphin, since it has been demonstrated that ketamine directly stimulates its secretion. 26 After the initial increase in all groups, ACTH levels remained higher in group SEVO compared to group PROP, as did cortisol. Thus, higher cortisol levels in group SEVO could have resulted from a greater activation of pituitary secretion of ACTH in group SEVO compared to group PROP, as has been suggested. 27, 28 Consistent with the observations of Van Hemelrijck et al. and Miyawaki et al., propofol did not suppress either ACTH or cortisol secretion. 8, 29 The initial increase in cortisol seems to have resulted in a proper feedback mechanism in group PROP, reducing ACTH levels at t2. In contrast, the sustained increase of ACTH in group SEVO could have resulted from impaired feedback mechanism or from a constant stimulus exerted by SEVO to the pituitary. Further studies are needed to clarify these effects.
Limitations of the study
A common problem in anaesthesia research is the creation of a true control group, since surgery or mechanical ventilation cannot be achieved without anaesthesia. With this limitation, we chose the use of sedatives without mechanical ventilation in sham animals in order to form an anaesthesia group with lighter depth of anaesthesia. Sevoflurane and desflurane were given in equipotent doses; this may not be applicable to propofol, though haemodynamics do not differ between the three groups. Desflurane has sympathomimetic effects, propofol causes bradycardia and hypotension, while sevoflurane in clinical doses is characterized by cardiovascular stability. The variable haemodynamic properties of the three anaesthetics themselves do not allow a) the conclusion that the doses were equipotent or b) the characterization of their doses as equipotent, when haemodynamics during anaesthesia do not differ. Therefore, comparison of the results must be applied to the propofol group with caution. Another limitation is that premedication with midazolam/ketamine and induction of anaesthesia with thiopental/ketamine could have affected the stress response to surgery. Although the drugs and doses used were identical among the various groups, careful interpretations should be made when comparing studies using different anaesthetic techniques and drugs. Finally, we chose the procedure to be cervical vessels preparation so that the sham animals would have a surgical stimulus, as did the other groups, which could be tolerated by sedated animals. Besides, central lines were deemed necessary for continuous invasive haemodynamic monitoring and reliable blood sampling. Although no direct evidence exists in the literature, such a minimal intervention should not interfere with the hormonal effects of the anaesthetics 3 hours and 40 minutes after completion of the catheterization. This is shown by the results of T4 and noradrenaline, which returned to baseline values at the end of the study. However, it is of note that the stressful stimuli were enough to induce stress responses at t1, albeit different responses may be expected in other surgical procedures.
conclusion
The transient increase of thyroxin during surgery was not altered by the type of the anaesthetic and could not be attributed to alterations in TSH, beta-endorphin or circulating cytokines. Propofol does not seem to differ from desflurane anaesthesia in terms of the hormonal stress response, but significant differences were noted compared to sevoflurane. During surgical manipulations, propofol differed from sevoflurane in that it blunted the noradrenaline release, but it allowed for increases of ACTH and cortisol analogous to those of sevoflurane. Conversely, in the absence of surgical stimuli, propofol and sevoflurane comparably restored noradrenaline levels, but sevoflurane differed from propofol in that it resulted in increased levels of ACTH and cortisol. The results of our study clearly show that the endocrine response varies with different anaesthetics and is modified by surgery. The implications of our finding for humans are difficult to foresee and analogous studies in humans are required to clarify this issue. Nevertheless, our data offer a hint as to the selection of the most appropriate anaesthetic in either the operating room or the intensive care unit to obtain the most suitable response for a given patient or scenario.
